. These are produced in the gas target when the proton bombardment of 14 N occurs in the presence of traces of oxygen (0.5%-1%) or hydrogen (5%-10%), respectively. 1 One of the main challenges in 11 C-chemistry is the development of rapid, versatile, and reliable methods to integrate these primary gen gas on a nickel support at high temperatures, Scheme 2 (B). 7, 8 The [ 11 C]CH 4 is then exposed to gas-phase radical iodination using iodine vapour at 700°C to 725°C to yield the desired labelling agent [ 11 C]CH 3 I, Scheme 2 (B). 3 OTf with a primary amine, alcohol, or thiol group to form the corresponding secondary amine, ether or thioether, Scheme 3 (A). This approach requires the trapping of the 11 C-methylation reagents in a solution of the precursor followed by heating for a short period of time. Due to its simplicity, 11 C-methylation is widely used for research and clinical production of functionalised 11 C-tracers as extensively reviewed in the literature. 2, 4, 5, [10] [11] [12] [13] [14] [15] [16] [17] [18] The recent development of "loop" chemistry has enabled technical and yield improvements in 11 C-methylation reactions. this loop produces the methylated 11 C-product. 19 This approach allows a high reactive surface area, minimal technical handling, and simplified 11 C-product purification leading to improved 11 C-methylation reaction yields.
11
C-Methylation has also been applied in palladiummediated cross-coupling reactions for 11 C-C bond formation to radiolabel molecules of interest with 11 C in specific positions. Good functional group tolerance has been shown using organostannanes as precursors in Stille cross-coupling reactions, Scheme 3 (B). 20, 21 [
11 C]CH 3 I is typically trapped in a solution containing a Pd-complex and a co-ligand. This mixture is then transferred in a vial containing the organostannane and heated for a few minutes (2-5 minutes). Despite the broad functional group compatibility, toxic trace SCHEME 1 Primary and secondary 11 C-precursors SCHEME 2 Production of 11 C-methylating reagents SCHEME 3 11 C-methylation reactions: (A) nucleophilic substitution on thiols, amine, and alcohols; (B) Stille cross-coupling with organostannanes; (C) Suzuki cross-coupling with boron compounds amounts of stannanes are difficult to remove completely from the reaction mixture and may raise concerns about this methodology for in vivo applications.
The Suzuki cross-coupling reaction using boronic acids and boronic esters as precursors is an alternative route to 11 C-C bond formation which avoids concerns about using organostannane reagents, Scheme 3 (C). 20, 22, 23 In analogy to the Stille coupling, [
11 C]CH 3 I is added to a solution containing a Pd-complex, the boronic acid (or boronic ester), and a potassium salt. This mixture is then heated (eg, by microwave [MW] activation), and the reaction is quenched with water, Scheme 3 (C). 54, 56, 59 In addition, the melting point of zinc (420°C) is close to the temperature required for the [ 11 C]CO 2 reduction to occur (400°C). Therefore, the inadvertent overheating of the zinc column during the process is a risk to the robustness of this method. 56 The use of molybdenum as a reducing metal in highpressure systems has recently shown more reproducible [ 11 C]CO yields compared with the zinc method. 54 Even "low levels" of impurities in the reagents and solvents used may be present in excess compared with the radiolabelled starting material. As a result, reactions working on a traditional chemistry scale can fail when translated to tracer radiochemistry, affecting the outcome of the radiolabelling reactions employed. 
| CO-RELEASING MOLECULES (CO-RMS)
Carbon monoxide-releasing molecules (CO-RMs) are compounds able to release carbon monoxide under specific conditions. Past studies have shown the application of CO-RMs in medicine as therapeutic agents 74, 75 and in synthetic chemistry as CO trapping-releasing agents. 69, [76] [77] [78] [79] [80] [81] [82] [83] The synthesis of metal carbonyl complexes, such as rhuthenium-CO and copper-CO complexes, and their application as in situ CO-releasing molecules have rapidly increased. 69, [84] [85] [86] [87] [88] These complexes are able to release CO under physiological conditions 84 or by addition of a competing ligand. 69 The latter approach was successfully applied to 11 C-chemistry using a copper(I) Using a similar approach, recent non-radiochemical studies have focused on in situ CO production mediated by molecules able to release CO upon heating. For example, boranocarbonates have demonstrated the ability to release CO during thermolysis, Scheme 16. These compounds have been successfully applied in radiochemistry for the production of 99m Tc-complexes used in radiopharmaceutical applications. 89 In addition, THF-BH 3 has been implemented in 11 C-chemistry due to its ability to readily retain [ 11 C]CO via the formation of solventsoluble adducts, such as BH 3 -[
CO was trapped in organic solvents at ambient temperature and pressure in high efficiency (>95%) and utilised in subsequent palladium-mediated 11 C-carbonylation reactions. 90 Many other CO production methodologies utilising aldehydes, carbamoylsilane, carbamoylstannanes, formic acid, and its derivatives have been developed and applied to the synthesis of carbonyl functionalised molecules. 79, 80, 91 A recent work demonstrated the ability of 9-methyl-9H-fluorene-9-carbonyl chloride (named "COgen" upon commercialisation) to release CO via a palladiumcatalysed decarbonylation reaction performed at 80°C, Scheme 17. 93, 94 The combination of this CO-releasing process with a CO-consuming reaction in an isolated 2-chamber system enabled a high trapping of the produced CO. This methodology was also successfully applied to 13 
| Silacarboxylic acids as CO-RMs
Other examples of useful CO-RMs are silacarboxylic acids and disilanes. 76, 78 These have been recently used as in-situ CO sources for ex-situ transition-metal catalysed carbonylation reactions. [76] [77] [78] 95 Past works have shown that silacarboxylic acids degrade upon heating (150°C-200°C) with elimination of CO and formation of the corresponding silanol, disiloxane, and the isomeric silyl formate, Scheme 18 (A). 96, 97 Subsequent studies demonstrated that silacarboxylate esters undergo degradation in a similar manner, Scheme 18 (B). 98 In addition, silacarboxylic acids have shown to lead the corresponding silanol derivative with production of CO in the presence of a base (eg, NaOH), Scheme 18 (C).
96,99
The degradation of these compounds was hypothesised to proceed through the attack of a lone pair of electrons of the oxygen atom of the OR′ group to the SCHEME The ability of silacarboxylic acids to release CO under certain conditions and the high fluorophilicity of silicon inspired the exploration of fluoride sources as activators to trigger the release of CO from this class of compounds. 76 Friis and co-workers investigated different reaction conditions, such as temperature, reaction time, type of solvent, and activator on a number of silacarboxylic acids. Their results showed Ph 2 MeSiCOOH as yielding the most rapid decarbonylation with production of CO using KF as an activator in dioxane. These reaction conditions were successfully applied in different Pd-catalysed carbonylation reactions in a 2-chamber system yielding the corresponding carbonylation product. 76 The relevance of this CO chemical methodology relies on:
1. the production of a controlled amount of CO using easy-to-handle reagents, 2. no need of special infrastructure in laboratories (eg, CO gas cylinder and CO gas detectors), 3. absence of a transition-metal catalyst, 4. release of CO at ambient temperature.
The 2 latter features distinguish silacarboxylic acids from the previous presented CO-production methodologies (eg, COgen and boranocarbonates) and made this class of compounds an attractive target for 11 C-chemistry application.
| Disilanes as CO 2 to CO reducing agents
In parallel with the use of CO-RMs, others reported the in situ chemical reduction of CO 2 to CO via molecules able to react with CO 2 , remove an oxygen atom from CO 2 , and release CO. An example is the copper complex (IPr) Cu-OtBu. This is able to coordinate with diboron compounds 82 and the structurally related boronsilane com- In order to simplify the catalytic protocol of this CO 2 to CO reduction, Lescot et al reported that the presence of Cu(OAc) 2 and the bidentate ligand, DPPBz, with stoichiometric amounts of disilane, (MePh 2 Si) 2 , efficiently reduces CO 2 to CO with production of the corresponding disiloxane, Scheme 21 (A). 78 By investigating the influence of different counterions of the copper salt used, they hypothesised that the CO 2 to CO reduction process could be catalysed in the absence of copper. This was confirmed by the complete conversion of disilane to the corresponding disiloxane with release of CO in the presence of neat KOAc at 150°C, Scheme 21 (B). Further reaction condition optimisation showed that fluoride sources (eg, KF) led to increased reactivity at lower temperatures (80°C). CsF was shown to be an excellent catalyst for the reduction of CO 2 to CO at ambient temperature with the disilane (MePh 2 Si) 2 . 78 Investigations on other disilanes showed that disilanes bearing only methyl or phenyl groups were detrimental to the reaction. 78 Fluoride-activated disilanes have also been utilised to promote the carboxylation of organic halides under transition-metal free conditions. 105 The key aspect of this method is the formation of a silyl anion triggered by fluoride through the Si-Si bond cleavage. The formation of metal-free silyl anions in the presence of disilanes and a catalytic amount of tetrabutylammonium fluoride (TBAF) in aprotic solvents (eg, HMPA) has been reported by past studies. 106 In addition, the generated silyl anions were reacted with SCHEME 18 (A) and (B) Thermolysis of silacarboxylic acids and silacarboxylate esters; (C) base-catalysed CO elimination of silacarboxylic acids SCHEME 19 1,2-Brook rearrangement of silacarboxylate derivatives aldehydes and 1,3-dienes to produce the corresponding coupled organosilane products in good yields under extremely mild reaction conditions.
106-108
The ability of disilane species to be activated by hypercoordination has become an interesting property for the development of new methodologies in synthetic chemistry and within the 11 C-chemistry field.
| Bond energies in silicon chemistry
From the presented applications of silacarboxylic acids and disilanes, it is evident that the fluoride anion can promote an intramolecular rearrangement of the Si-C bond or the cleavage of the Si-Si bond. Both routes mediate the formation of Si-O and Si-F bonds.
The formation of the strong Si-F bond can be used as a driving force in silicon chemistry, such as in the cleavage of the weak Si-Si bond (Si-F > Si-O >> Si-C and Si-Si). 109 In addition, Si-O bond-dissociation energy >> Si-Si bond-dissociation energy indicating that the Si-O bond-dissociation energy can also be utilised as a driving force in silicon chemistry, such as in the 1,2-Brook rearrangement catalysed by hydroxide and the effect of KOAc on the CO 2 to CO reduction via disilanes. 76, 78 The trend of the bond-dissociation energies of silicon with halogens is as follows: Si-F >> Si-Cl > Si-Br > Si-I. 109 Therefore, the substantial fluorophilicity and oxophilicity of silicon in conjunction to its hyper-coordination properties 
